Context: A diet low in cholesterol and fat is commonly recommended to prevent metabolic and cardiovascular diseases; however, its effect on glucose tolerance is largely unknown.
T he growing prevalence of type 2 diabetes (T2D) in recent decades is closely linked to overnutrition and possibly to the relative abundance or deficiency of specific nutrients (1) . In this context, large epidemiologic studies (2-10) and experimental evidence (11) (12) (13) (14) (15) (16) (17) (18) suggest that excess cholesterol and lipid intake is a key factor in the pathogenesis of T2D (2) .
Based also on these observations, a low-cholesterol, low-fat (LChF) diet is commonly prescribed for the prevention of metabolic and cardiovascular diseases. However, experimental data on the effect of physiologic reductions of dietary cholesterol and lipid on glucose tolerance are limited and inconsistent, particularly in healthy subjects (19, 20) . Conflicting results of previous studies might be explained by different investigational diets (e.g., differences in dietary energy contents) and by the interaction between environmental and genetic factors, which are often neglected, because offspring of patients with T2D might be more sensitive to the deleterious effect of lipids (21, 22) . Therefore, the effects of an isocaloric and physiologic reduction in dietary cholesterol and lipid intake on glucose tolerance remain largely unknown.
To fill this knowledge void, the current study examined whether and by which mechanisms a short-term manipulation of dietary cholesterol and fat content increases glucose tolerance in nondiabetic individuals with or without a family history of T2D, independently of energy intake and weight gain. In this crossover, randomized clinical trial, we compared the effects of two 14-day isocaloric dietary interventions characterized by either high or low cholesterol (250 to 300 vs 100 to 150 mg/day, respectively) and fat intake (40% to 45% vs 20% to 25% of daily calories, respectively) in healthy subjects with or without a family history of T2D. Participants underwent a 75-g oral glucose tolerance test (OGTT) at the end of each dietary intervention. The contributions of each main determinant of glucose homeostasis, namely b cell function, insulin sensitivity, and insulin clearance, were estimated by glucose, insulin, and C-peptide modeling throughout the OGTT.
Methods

Subjects
Thirty healthy subjects [men and women, age 20 to 40 years, body mass index (BMI) 20 to 30 kg/m 2 ] were recruited among students and fellows attending the Department of Clinical and Experimental Medicine at the University of Pisa. All participants had a detailed medical history and a complete physical examination. Subjects with a history of malignancy or hepatic, kidney, gastrointestinal, or metabolic disease, as well as those following unusual diet regimens or taking medications or supplements, were excluded. The study population included 15 subjects with family history of T2D (at least one first-degree relative affected by T2D diagnosed before age 65 years) and 15 subjects without family history of T2D. The study was designed and conducted in accordance with the principles expressed in the Helsinki Declaration of 1975 as revised in 1983. All subjects provided written informed consent before enrollment. The protocol was approved by the local human ethics committee.
Experimental design
In this crossover, randomized clinical trial, participants followed two eucaloric diet regimens: a 14-day high-cholesterol, high-fat diet (HChF) and a 14-day LChF diet. The two diets were separated by a 14-day washout period, and the order was randomized with a computer-generated random number list. Participants were asked to keep their habitual lifestyle and to maintain the same level of physical activity during the two interventions. Weekly visits were performed throughout the study for measurement of body weight and assessment of dietary compliance. At the end of each diet, subjects were admitted to our Clinical Research Unit after an overnight fast (08:00 AM) for measurement of body weight and fat mass and for arterialized blood sampling during an OGTT. For the OGTT, participants ingested 75 g glucose (150 mL of 50% dextrose solution) in 5 minutes and remained in a semiupright position for 180 minutes.
Diet interventions
All participants underwent a 45-minute individual training session at the beginning of each diet treatment. During the training session, subjects received nutritional recommendations and a dietary plan with the food composition of three typical meals (breakfast, lunch, and dinner), a list of cholesterol-rich foods to be favored or avoided, and a table of possible substitutions with variable equicaloric amounts of different foods. Meals and food variants were intended to fulfill the total daily caloric need, which was calculated by adding the basal metabolic rate to the estimated individual caloric expenditure during working and leisure physical activity (23) . Dietary interventions differed for cholesterol content (HChF: 250 to 300 mg/d; LChF: 100 to 150 mg/d) and macronutrient composition (HChF: carbohydrate 30% to 35%, fat 40% to 45%, protein 20% to 25%; LChF: carbohydrate 50% to 55%, fat 20% to 25%, protein 20% to 25%). In the HChF diet, subjects were instructed to consume at least six eggs per week and cholesterolrich food items selected from the list provided. In the LChF diet, participants were asked to avoid eggs and cholesterol-rich food and to replace them with food containing similar amounts of calories. The proposed food substitutions were designed to keep the macronutrient composition within the desired macronutrient ratio. Furthermore, the diets contained similar amounts of fiber (fruits and vegetables). Participants were asked to fill in a complete daily food record that was collected after each dietary regimen for compliance assessment (calculated as percentage of meals in which the dietary recommendations were successfully followed). For each participant, the analysis of at least two random weekday and one random weekend-day food records was performed after each dietary intervention with FoodWorks 7 (Xyris Software, Kenmore Hills, Australia).
Analytical procedures
Blood samples were obtained for blood glucose, insulin, C-peptide, and nonesterified fatty acid (NEFA) assessment 15 minutes before and immediately before glucose ingestion, then 15, 30, 60, 90, 120, 150 , and 180 minutes after glucose ingestion. Plasma glucose during the OGTT was measured immediately by the glucose oxidase technique (Beckman Glucose Analyzer II; Beckman Instruments, Fullerton, CA). Blood samples for insulin, C-peptide, complete blood count, and free fatty acids were collected in tubes containing K3-EDTA. Blood samples for lipids, apolipoprotein A1, apolipoprotein B100, lipoprotein(a), transaminase, g-glutamyltransferase, and C-reactive protein were collected in tubes containing heparin. Serum and plasma were isolated by centrifugation at 3000g for 15 minutes at 4°C and frozen at 220°C. Biochemical assays were performed in a single assay at the completion of the study. Insulin and C-peptide measurements were performed by electrochemiluminescence on a COBAS e411 instrument (Roche, Indianapolis, IN). Plasma NEFAs were assayed by standard spectrophotometric methods (Synchron Clinical System CX4, Beckman Instruments).
Body height was measured to the nearest 1 mm on a stadiometer, with subjects barefoot in the free-standing position. Body weight, body composition, and basal metabolic rate were measured in the fasting state by bioelectrical impedance (TBF-300 Body Composition Analyzer; Tanita Corporation, Arlington Heights, IL) after subjects had removed shoes and heavy clothes and had emptied their pockets.
Mathematical modeling
Insulin secretion rate (ISR) was estimated by C-peptide deconvolution (24) . b Cell function parameters were calculated by modeling insulin secretion and glucose concentration, as previously described (25) (26) (27) . Briefly, this model describes the dependence of insulin secretion on absolute glucose concentration as a quasilinear dose-response function relating the two variables. This function is characterized by a slope and an intercept denoted as b cell glucose sensitivity and insulin secretion rate at fasting plasma glucose (ISR@FPG), respectively. The dose-response function can be modulated throughout the test by several physiological processes (i.e., prolonged exposure to hyperglycemia, gastrointestinal hormones, neural modulation, nonglucose substrates), which are taken into account by a time-dependent factor called potentiation. The ratio between mean potentiation values at the end (160 to 180 minutes) and at the beginning (0 to 20 minutes) of the OGTT is calculated and expressed as the potentiation factor ratio. The dependence of insulin secretion on the rate of increase of plasma glucose concentration is described by a fourth parameter, called b cell rate sensitivity, which therefore reflects early insulin release. The time-concentration area under the curve (AUC) throughout the OGTT was calculated by the trapezoidal rule. Insulin clearance was estimated by calculating the ratio between the insulin secretion AUC and the plasma insulin AUC (28, 29) . Insulin sensitivity was estimated by calculating the oral glucose insulin sensitivity (OGIS) index from the glucose and insulin concentrations at time 0, 120, and 180 minutes (30) .
Statistical analysis
Based on previous data (19, 29) , a sample size of 30 subjects was calculated before enrollment to provide $90% power to detect a 5% difference in mean glucose during the OGTT (primary outcome), deemed clinically significant, between the two experimental conditions (HChF vs. LChF). All metric variables were tested for normality via Kolmogorov-Smirnoff tests and normalized via logarithmic transformation before analysis when appropriate. Statistical comparisons were made with Student t tests for continuous variables and x 2 tests for categorical variables. Within-group differences between the two diet interventions were tested by paired Student t tests. Analyses of plasma glucose, plasma insulin, ISR, and plasma NEFA profiles throughout the OGTT, as well as between-group analyses, were performed by two-way analysis of variance (ANOVA) for repeated measures. Correlations between variables were tested with Spearman rank correlations or Pearson correlations as appropriate. Statistical tests were conducted with a two-sided a level of 0.05. Data are reported as mean 6 standard deviation, unless otherwise specified. Statistical analyses were performed in JMP® Pro 11.2 (SAS Institute Inc., Cary, NC).
Results
Characteristics of the study participants and diet compliance
All subjects enrolled (16 men and 14 women, age 27.2 6 5.3 years, BMI 23.5 6 3.3 kg/m 2 ) completed the two diet interventions and were included in the analysis.
The main clinical and metabolic characteristics of study subjects are shown in Table 1 . Self-reported daily food records were consistent with diet prescriptions and showed an adequate compliance (.90%) over each dietary intervention. Food record analysis showed a lower intake of cholesterol (124 6 49 vs 333 6 32 mg), total fat (25.1 6 1.4 vs 44.8 6 2.6% of daily energy intake), and saturated fat (6.5 6 0.8 vs 15.9 6 0.7% of daily energy intake) after the LChF diet than after the HChF diet (P , 0.001 for all). No differences were found between the two diets in terms of protein consumption (22.6% 6 1.7% vs 21.5% 6 2.9% of daily energy intake, P = 0.09), whereas carbohydrate intake was higher during the LChF diet (51.4% 6 5.4% vs 34.0% 6 1.8% of daily energy intake, P , 0.001).
Effects of LChF diet on body weight and plasma lipid profile
The two diets had similar daily caloric content and were neutral on body weight and BMI (Table 1) , whereas body fat mass was lower after the LChF diet (P = 0.01). Compared with the HChF diet, the LChF diet produced ã 10% decrease in plasma total cholesterol, low-density lipoprotein cholesterol (LDL-C), and high-density lipoprotein cholesterol (HDL-C), without affecting triglyceride levels (Table 1) . Fasting plasma NEFA concentrations were higher after the LChF diet (P = 0.003) and showed different profiles during the OGTT between the two diets (P = 0.04) (Fig. 1) . Apolipoprotein A1 and B followed the drop of plasma cholesterol, whereas lipoprotein(a) was increased by the LChF diet. Markers of liver damage and inflammation were within the normal range and similar after the two diets ( Table 1) .
Effects of LChF diet on glucose metabolism
Fasting glucose and insulin concentrations as well as fasting ISR were not affected by the shift between the two diets ( Fig. 1) . Mean glucose concentrations throughout the OGTT and glucose peaks at 30 minutes were significantly lower after the LChF diet than after the HChF diet (6.1 6 0.7 vs 6.4 6 0.6 mM, P = 0.01; and 7.5 6 1.0 vs 8.3 6 1.4 mM, P = 0.005, respectively) ( Fig. 1 and Table 1 ). Despite different glucose levels, plasma insulin and ISR profiles were similar after the two diets (Fig. 1) . Accordingly, at the end of the LChF diet a consistent increase was observed in three major components of b cell function: b cell glucose sensitivity (+17%, P = 0.01), ISR@FPG (+20%, P = 0.02), and potentiation (+19%, P = 0.03) (Fig. 2) . Among them, the changes in ISR@FPG (r = 20.47, P = 0.009) and potentiation (r = 20.48, P = 0.007) correlated with the changes in mean glucose concentrations between the two diets. Neither b cell rate sensitivity, a marker of early insulin secretion, nor insulin clearance was affected by the dietary shift (Fig. 2) . The changes in insulin sensitivity were small and of borderline statistical significance ( Fig. 2 ; P = 0.095); however, they correlated with changes in mean glucose concentrations between the two diets (r = 20.37, P = 0.045).
Impact of the genetic background
Among the 30 study participants, 50% had family history of T2D (T2D offspring). At screening, controls and T2D offspring were matched for age (25.5 6 4.1 vs 28.9 6 5.9 years, respectively; P = 0.07), sex (8 men and 7 women for both), and BMI (22.6 6 1.7 vs 23.9 6 3.3 kg/m 2 , P = 0.14). Furthermore, no statistically significant differences between groups were found in any clinical or metabolic parameter after each diet, including those related to glucose metabolism and b cell function (Table 1, Fig. 3 , and Supplemental Fig. 1 ). Plasma NEFAs were an exception, being slightly higher in controls (P = 0.01). The metabolic changes induced by the shift between the two diets were not significantly different in controls and T2D offspring by the two-way ANOVA for repeated measures. However, the effect of the interaction between diet and familial diabetes was of borderline statistical significance for insulin sensitivity and b cell glucose sensitivity (P # 0.10). Accordingly, in within-group analyses, T2D offspring displayed a tendency to a more diffuse improvement of glucose tolerance after the LChF diet compared with the HChF diet, which was associated with a significant decrease in insulin sensitivity and a smaller improvement in b cell glucose sensitivity (Fig. 3) .
Discussion
In this study, we measured the effects of a large but physiologic decrease in dietary cholesterol and fat intake on glucose tolerance and its major determinants and we examined the role of the interaction with an unfavorable genetic background in nondiabetic subjects. Although neutral on body weight, the shift from an HChF diet to an isocaloric LChF diet, mimicking the shift from an unhealthy to a healthy Western diet, improved oral glucose tolerance without modifying plasma insulin and total insulin secretion rate. Accordingly, different components of the b cell function were improved by the LChF diet, including b cell glucose sensitivity, ISR@FPG, and potentiation. The beneficial effect of the LChF diet on glucose tolerance and particularly on insulin sensitivity tended to be more evident in individuals genetically predisposed to develop T2D. Our aim was to test the hypothesis that a diet low in cholesterol and fat improves glucose tolerance, independently of energy intake and weight gain. The cholesterol content of the two diets was designed to explore the entire physiologic range, being similar to the median spontaneous cholesterol intake of the first (131 mg/d) and the fifth (273 mg/d) quintile of a large observational study (2) . Consistent with our results, in this study higher cholesterol intake was associated with an increased risk of T2D after a follow-up of 14 years (relative risk 1.36; 95% confidence interval, 1.17 to 1.59) (2) . By focusing particularly on the cholesterol content of the food, our dietary intervention might have elicited effects that depend on the variations in plasma cholesterol levels. However, given the minor changes observed in the lipid profile and the expected divergent effects of LDL-C and HDL-C on glucose metabolism (16, (31) (32) (33) , it is unlikely that the small and concurrent changes in the two lipoproteins between the diets can explain our observations. In addition, regression analysis did not show correlations between changes in lipoproteins and variations of glucose tolerance or b cell function.
On the other hand, the decrease in fat intake (~45% vs 25% of total daily calories), which was, in quantitative terms, within the range of what is expected when a lowcholesterol diet is prescribed, is probably a main determinant of the observed effects. It is known that the acute (2 to 6 hours) and short-term (3 to 7 days) infusion or ingestion of lipid affects glucose tolerance by reducing insulin sensitivity, increasing insulin secretion, and possibly inhibiting insulin clearance (22, (34) (35) (36) (37) (38) (39) (40) (41) (42) (43) (44) . The extent of these effects (but not the direction) is influenced by the length of exposure and the quality of fat (36) , the subject's ethnicity (35) , and the genetic predisposition to develop T2D (22) . Data on more prolonged dietary fat manipulations in healthy subjects are conflicting and very limited. In 24 obese nondiabetic patients, a 2-week highfat (~50% of total daily calories) weight-maintaining diet produced a decrease in oral glucose tolerance (OGTT glucose AUC +8%) and b cell function associated with a not statistically significant decline in insulin sensitivity and a major decrease in minimal model glucose effectiveness (i.e., the ability of plasma glucose per se to increase tissue glucose uptake and inhibit endogenous glucose production) (19) . In eight nondiabetic subjects, a 3-week high-fat diet (~50% of total daily calories) did not affect fasting glucose or fasting insulin levels, but glucose tolerance and insulin secretion were not evaluated (20) . Furthermore, the same intervention was neutral on insulin sensitivity, despite a mean weight gain of 0.4 kg (20) . In our study, we found a significant improvement in glucose tolerance after the shift from the HChF to the LChF diet (~5% mean glucose decrease). Although this positive effect was small in quantitative terms, its clinical relevance is not negligible because it occurred in healthy nonobese subjects after a short intervention, which focused only on the quality of nutrients and not on total energy intake. In fact, we might expect a much greater effect on glucose homeostasis after long-term and more extreme changes in dietary habit and in patients with altered glucose tolerance. Our study demonstrated in humans a nonselective inhibitory effect of a prolonged and physiologic exposure to lipids on b cell function. Indeed, the HChF diet produced an impairment in insulin secretion that extended to three out of four b cell functions, which were restored by the LChF diet. This finding is a proof of concept for the paradigm of b cell lipotoxicity (i.e., an accumulation of lipid intermediates leading to b cellular dysfunction and eventually death), which is based on in vitro and animal evidence and on short-term human studies (45) . Although diffuse, the b cell dysfunction did not extend to rate sensitivity, which reflects early insulin release, suggesting that the readily available insulin pool is not sensitive to this dietary clearance, and (G) OGIS index during a 75-g OGTT after a 14-day HChF diet or a 14-day isocaloric LChF diet in nondiabetic subjects without (controls, n = 15) or with family history of T2D (T2D offspring, n = 15). For plasma glucose profiles, repeated-measure analyses were performed by two-way ANOVA, and P values are shown for diet, time, and diet 3 time interaction (D*T) effects. For other variables, P values are shown for within-group differences between the two diet interventions tested by paired Student t tests. Data are reported as mean 6 standard error of the mean. *P , 0.05 for peak glucose. manipulation in healthy subjects. Although acute and short-term elevations in plasma lipid have been shown to reduce hepatic insulin clearance (22, (41) (42) (43) (44) , particularly in T2D offspring (22) , insulin clearance was not affected by the shift between the two diets.
The positive effects of the LChF diet tended to be more evident in T2D offspring, in whom this intervention produced a significant increase in glucose tolerance and insulin sensitivity in the within-group analysis. This finding is consistent with the hypothesis that offspring of patients with T2D are more prone to the deleterious effect of lipids on glucose tolerance and on insulin action (22) and potentially more sensitive to the benefit from lowering dietary lipids. A previous study did not observe a reduction in insulin sensitivity in healthy T2D offspring after a 4-day lipid infusion; however, subjects enrolled presented at baseline with a lower insulin sensitivity compared with matched controls without a family history of diabetes, so the authors hypothesized that the "lipotoxic" effect of elevated plasma lipid could not further impair a fully established alteration in insulin sensitivity in those subjects (22) . In our study, the improvement in b cell glucose sensitivity after the LChF diet was significant only in subjects without a family history of T2D, who acquired the b cell phenotype of T2D offspring when exposed to the HChF diet and recovered after the LChF diet (Fig. 4) . In accordance with previous evidence (46) , this observation suggests a subclinical and potentially irreversible impairment in b cell function in subjects genetically predisposed to develop glucose intolerance, which may contribute to the increased risk of T2D in these individuals.
Because the two diets differed in carbohydrate intake (~51% vs~34% of daily energy intake, P , 0.001), besides cholesterol and fat content, it is not possible to exclude the contribution of a higher carbohydrate consumption in the observed metabolic changes. As previously reviewed in detail (47, 48) , both high-carbohydrate, low-fat diets and low-carbohydrate, high-fat diets have been reported to improve glucose control, often in combination with a restriction in energy intake and a drop in body weight; thus, to date the evidence is inconclusive for determining whether and to what extent a different carbohydrate intake affects glucose homeostasis independent of body weight. Also, the duration of our diet interventions was short; therefore, a more sustained effect of an HChF diet or an LChF diet remains to be determined.
In conclusion, we demonstrated that lowering dietary cholesterol and fat intake improves glucose tolerance in nondiabetic subjects by diffusely enhancing major b cell functions. Subjects genetically predisposed to develop T2D tend to be more susceptible to the beneficial effect of the diet on insulin sensitivity and glucose tolerance.
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